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We review the important role played by the chiral SU(3) symmetry in predicting the
properties of antikaons and hyperon resonances in cold nuclear matter. Objects of crucial
importance are the meson-baryon scattering amplitudes obtained within the chiral coupled-
channel effective field theory. The formation of baryon resonances as implied by chiral
coupled-channel dynamics is discussed. Results for antikaon and hyperon-resonance spectral
functions are presented for isospin symmetric and asymmetric matter.
§1. Introduction
In this talk we review the application of chiral coupled-channel dynamics to
nuclear matter properties of the antikaon, the Λ(1405) s-wave resonance and the
Σ(1385) p-wave resonance. A softening of the antikaon mode in nuclear could have
been already anticipated in the 70’s from K-matrix analysis of the antikaon-nucleon
scattering data (see e.g.1)) which predicted considerable attraction in the subthresh-
old s-wave K− nucleon scattering amplitudes. In conjunction with the low-density
theorem2), 3) this leads to an antikaon spectral function in nuclear matter that has
significant strength at energies smaller than the kaon mass. As was pointed out first
in4) the realistic evaluation of the antikaon self energy in nuclear matter requires
a self consistent scheme. The feedback effect of the antikaon spectral function on
the antikaon-nucleon scattering process was found to be important for the hyperon
resonance structure in nuclear matter. In turn the modified structure of the hyperon
resonances influences the spectral function of the antikaon.
We present and discuss up-to-date results for the spectral functions of antikaons
in symmetric and asymmetric cold nuclear matter that are based on a chiral-coupled
channel analysis of meson-baryon scattering data.5)–7) Unfortunately the empirical
data set still leaves much room for different theoretical interpretations, in particular
for the subthreshold scattering amplitudes that determine the amount of attraction
an antikaon is subject to in cold nuclear matter. Until recently acceptable effective
field theories were much less developed in the strangeness sectors as compared to
the strangeness zero sector. As a consequence different analysis lead to scattering
amplitudes that differ by about a factor two at subthreshold energies ( see8), 9)).
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Thus, it is useful to review also in detail effective coupled-channel field theories
based on the chiral Lagrangian.
The task to construct a systematic effective field theory for the meson-baryon
scattering processes in the resonance region is closely linked to the fundamental ques-
tion as to what is the ’nature’ of baryon resonances. The radical conjecture5), 10)–12)
that meson and baryon resonances not belonging to the large-Nc ground states are
generated by coupled-channel dynamics lead to a series of works13)–18) demonstrating
the crucial importance of coupled-channel dynamics for resonance physics in QCD.
This conjecture was challenged by a phenomenological model,11) which generated
successfully non-strange s- and d-wave resonances by coupled-channel dynamics de-
scribing a large body of pion and photon scattering data. Of course, the idea to
explain resonances in terms of coupled-channel dynamics is an old one going back
to the 60’s.19)–24) For a comprehensive discussion of this issue we refer to.12) In
recent works,13), 14) which will be reviewed here, it was shown that chiral dynam-
ics as implemented by the χ−BS(3) approach5), 10), 12), 25) provides a parameter-free
leading-order prediction for the existence of a wealth of strange and non-strange s-
and d-wave wave baryon resonances. A quantitative description of the low-energy
pion-, kaon and antikaon scattering data was achieved earlier within the χ-BS(3)
scheme upon incorporating chiral correction terms.5)
§2. Effective field theory of chiral coupled-channel dynamics
Consider for instance the rich world of antikaon-nucleon scattering illustrated in
Fig. 1. The figure clearly illustrates the complexity of the problem. The K¯N state
couples to various inelastic channel like πΣ and πΛ, but also to baryon resonances
below and above its threshold. The goal is to bring order into this world seeking a
description of it based on the symmetries of QCD. For instance, as will be detailed
below, the Λ(1405) and Λ(1520) resonances will be generated by coupled-channel
dynamics, whereas the Σ(1385) should be considered as a ’fundamental’ degree of
freedom. Like the nucleon and hyperon ground states the Σ(1385) enters as an
explicit field in the effective Lagrangian set up to describe the K¯N system.
The starting point to describe the meson-baryon scattering process is the chiral
SU(3) Lagrangian (see e.g.5), 26)). A systematic approximation scheme arises due to a
successful scale separation justifying the chiral power counting rules.27) The effective
field theory of the meson-baryon scattering processes is based on the assumption
s1/2
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Fig. 1. The world of antikaon-nucleon scattering
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that the scattering amplitudes are perturbative at subthreshold energies with the
expansion parameter Q/Λχ. The small scale Q is to be identified with any small
momentum of the system. The chiral symmetry breaking scale is
Λχ ≃ 4πf ≃ 1.13 GeV ,
with the parameter f ≃ 90 MeV determined by the pion decay process. Once the
available energy is sufficiently high to permit elastic two-body scattering a further
typical dimensionless parameter m2K/(8πf
2) ∼ 1 arises.5), 10), 25) Since this ratio
is uniquely linked to two-particle reducible diagrams it is sufficient to sum those
diagrams keeping the perturbative expansion of all irreducible diagrams, i.e. the
coupled-channel Bethe-Salpeter equation has to be solved. This is the basis of the
χ-BS(3) approach developed in.5), 10), 25), 28), 29)
At leading order in the chiral expansion one encounters the famous Weinberg-
Tomozawa30) interaction,
LWT = i
8 f2
tr
(
(B¯ γµ B) · [Φ, (∂µΦ)]−
)
+
3 i
8 f2
tr
(
(B¯ν γ
µ Bν) · [Φ, (∂µΦ)]−
)
, (2.1)
where we dropped additional structures that do not contribute to the on-shell scat-
tering process at tree level. The terms in (2.1) constitute the leading order s-wave
interaction of Goldstone bosons (Φ) with the baryon-octet (B) and baryon-decuplet
(Bµ) states. The octet and decuplet fields, Φ,B and Bµ, posses an appropriate
matrix structure according to their SU(3) tensor representation.
The scattering process is described by the amplitudes that follow as solutions of
the Bethe-Salpeter equation,
T (k¯, k;w) = K(k¯, k;w) +
∫
d4l
(2π)4
K(k¯, l;w)G(l;w)T (l, k;w) ,
G(l;w) = −iD(12 w − l)S(12 w + l) , (2.2)
where we suppress the coupled-channel structure for simplicity. The meson and
baryon propagators, D(q) and S(p), are used in the notation of.11) We apply the
convenient kinematics:
w = p+ q = p¯+ q¯ , k = 12 (p− q) , k¯ = 12 (p¯− q¯) , (2.3)
where q, p, q¯, p¯ the initial and final meson and baryon 4-momenta. The Bethe-
Salpeter scattering equation is recalled for the case of meson baryon-octet scatter-
ing. An analogous equation holds for meson baryon-decuplet scattering process (see
e.g.11)).
The scattering amplitude T (k¯, k;w) decouples into various sectors characterized
by isospin (I) and strangeness (S) quantum numbers. In the case of meson baryon-
octet and baryon-decuplet scattering the following channels are relevant
(I, S)[8⊗8] = (0,−3), (1,−3), (
1
2
,−2), (3
2
,−2), (0,−1),
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(1,−1), (2,−1), (1
2
, 0), (
3
2
, 0), (0, 1), (1, 1) ,
(I, S)[8⊗10] = (
1
2
,−4), (0,−3), (1,−3), (1
2
,−2), (3
2
,−2), (0,−1),
(1,−1), (2,−1), (1
2
, 0), (
3
2
, 0), (
5
2
, 0), (1, 1), (2, 1) . (2.4)
Referring to the detailed discussion given in5), 15) we assume a systematic on-
shell reduction of the Bethe-Salpeter interaction kernel. We introduce an on-shell
equivalent effective interaction kernel V , together with three off-shell interaction
kernels VL, VR and VLR where VR (VL) vanishes if the initial (final) particles are on-
shell. The interaction kernel VLR is defined to vanish if evaluated with either initial
or final particles on-shell. The latter objects are defined by:
K = V + (1− V ·G) · VL + VR · (1−G · V )
+ (1− V ·G) · VLR · (1−G · V )− VR · 1
1−G · VLR ·G · VL . (2
.5)
The decomposition of the Bethe-Salpeter interaction kernel is unique and can be
applied to an arbitrary interaction kernel once it is defined what is meant with the
’on-shell’ part of any two-particle amplitude. The latter we define as the part of the
amplitude that has a decomposition into the complete set of projectors
V (k¯, k;w) =
∑
J,P,a,b
V
(JP )
ab (
√
s)Y(JP )ab (q¯, q;w) , (2.6)
where the projectors carry good total angular momentum J and parity P . The
merit of the projectors is that they decouple the Bethe-Salpeter equation (2.2) into
orthogonal sectors labeled by the total angular momentum, J , and parity, P . We
emphasize that the projectors have also the important property that they are ap-
plicable in the case of intermediate states that have broad spectral distributions. It
is clear that performing a chiral expansion of K and V to some order Qn leads to
a straight forward identification of the off-shell kernels VL, VR and VLR to the same
accuracy.
The on-shell part of the scattering amplitude takes the simple form,
T on−shell(k¯, k;w) =
∑
J,P
M (JP )(
√
s )Y(JP )(q¯, q;w) ,
M (JP )(
√
s ) =
[
1− V (JP )(√s )J (JP )(√s )
]−1
V (JP )(
√
s ) , (2.7)
with a set of divergent loop functions J (JP )(
√
s ). We insist on the renormalization
condition,
T (I,S)(k¯, k;w)
∣∣∣√
s=µ(I,S)
= V (I,S)(k¯, k;w)
∣∣∣√
s=µ(I,S)
, (2.8)
together with the natural choice for the subtraction points,
µ(I,+1) = µ(I,−3) = 12 (mΛ +mΣ) , µ(I, 0) = mN ,
µ(0,−1) = mΛ, µ(1,−1) = mΣ , µ(I,−2) = µ(I,−4) = mΞ , (2.9)
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Fig. 2. Graphical illustration for the gluing of s- and u-channel unitarized scattering amplitudes
as explained in detail in.5), 13), 14) The renormalization condition reflects the basic as-
sumption our effective field theory is based on, namely that at subthreshold energies
the scattering amplitudes can be evaluated in standard chiral perturbation theory.
This is achieved by supplementing (2.2) with (2.8,2.9). The subtraction points (2.9)
are the unique choices that protect the s-channel baryon-octet masses manifestly in
the p-wave J = 12 scattering amplitudes.
It is useful to elaborate in some detail on the structure of the loop functions.
The merit of the projector technique is that dimensional regularization can be used
to evaluate the latter ones. Here we exploit the result that any given projector is a
finite polynomial in the available 4-momenta. This implies that the loop functions
can be expressed in terms of a log-divergent master function, I(
√
s ), and reduced
tadpole terms,
J (JP )(
√
s ) = N (JP )(
√
s )
[
I(
√
s )− I(µ)
]
,
I(
√
s ) =
1
16π2
(
pcm√
s
(
ln
(
1− s− 2 pcm
√
s
m2 +M2
)
− ln
(
1− s+ 2 pcm
√
s
m2 +M2
))
+
(
1
2
m2 +M2
m2 −M2 −
m2 −M2
2 s
)
ln
(
m2
M2
)
+ 1
)
+ I(0) , (2.10)
where
√
s =
√
M2 + p2cm +
√
m2 + p2cm. The normalization factor N
(JP )
a (
√
s ) is
a polynomial in
√
s and the mass parameters. In (2.10) the renormalization scale
dependence of the scaler loop function I(
√
s ) was traded in favor of a dependence
on a subtraction point µ, leading to compliance with the renormalization condition
(2.8). The loop functions J (J,P )(
√
s ) are consistent with chiral counting rules only
if the subtraction scale µ ≃ M is chosen close to the ’heavy’ hadron mass.5), 25)
Moreover it was shown that keeping reduced tadpole terms in the loop functions
leads to a renormalization of s-channel exchange terms that is in conflict with chiral
counting rules if the effective interaction kernel is evaluated in perturbation theory.5)
The merit of the scheme5), 10), 25) lies in the property that for instance the K Ξ
and K¯ Ξ scattering amplitudes match at
√
s ∼ mΞ approximately as expected from
crossing symmetry. In5), 15) we suggested to glue s- and u-channel unitarized scat-
tering amplitudes at subthreshold energies as illustrated in Fig. 3. This reflects
the basic assumption that diagrams showing an s-channel or u-channel unitarity cut
need to be summed to all orders at least at energies close to where the diagrams
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s1/2
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Fig. 3. Illustration of the gluing of s- and u-channel unitarized scattering amplitudes for two typ-
ical cases. The lines extending to the right (left) are the results of a s-channel (u-channel)
unitarization. The dotted lines represent the contribution of the effective interaction kernel V
develop their imaginary part. By construction, a glued scattering amplitude satisfies
crossing symmetry exactly at energies where the scattering process takes place. At
subthreshold energies crossing symmetry is implemented approximatively only, how-
ever, to higher and higher accuracy when more chiral correction terms are considered.
Insisting on the renormalization condition (2.8,2.9) guarantees that subthreshold am-
plitudes match smoothly and therefore the final ’glued’ amplitudes comply with the
crossing-symmetry constraint to high accuracy. Fig. 3 illustrates this mechanism for
two typical cases.15) Whereas in case I) both the s- and u-channel unitarizations lead
to bound states, in case II) only the u-channel unitarization generates a bound state.
For simplicity the figure does not show the additional complications present in the
meson-baryon forward scattering amplitude, that are due to pole structures implied
by the baryon octet ground states.5) It is amusing to observe that the natural sub-
traction points (2.9) can also be derived if one incorporates photon-baryon inelastic
channels. Then additional constraints arise. For instance the reaction γ Ξ → γ Ξ,
which is subject to a crossing symmetry constraint at threshold, may go via the
intermediate states K¯ Λ or K¯ Σ.
The perturbative nature of subthreshold amplitudes, a crucial assumption of the
χ-BS(3) approach proposed in,5), 10), 25) is not necessarily true in phenomenological
coupled-channel schemes in.31)–36) Using the subtraction scales as free parameters,
as advocated in,34)–36) may be viewed as promoting the counter terms of chiral
order Q3 to be unnaturally large. If the subtraction scales are chosen far away
from their natural values (2.9) the resulting loop functions are in conflict with chiral
power counting rules.25) Though unnaturally large Q3 counter terms can not be
excluded from first principals one should check such an assumption by studying
corrections terms systematically. A detailed test of the naturalness of the Q3 counter
terms was performed within the χ-BS(3) scheme5) demonstrating good convergence
in the channels studied without any need for promoting the counter terms of order
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Fig. 4. S-wave antikaon-nucleon scattering amplitude in the isospin zero channel as it follows in
the χ-BS(3) approach at leading order.
Q3. Possible correction terms in the approach followed in34)–36) have so far not
been studied systematically for meson-baryon scattering. Moreover, if the scheme
advocated in34)–36) were applied in all eleven isospin strangeness sectors with JP =
1
2
−
a total number of 26 subtraction parameters arise. This should be compared with
the only ten counter terms of chiral order Q3 contributing to the on-shell scattering
amplitude at that order.5) Selecting only the operators that are leading in the large-
Nc limit of QCD out of the ten Q
3 operators only four survive.5) We conclude that it
would be inconsistent to apply the approach used in34)–36) in all isospin strangeness
channels without addressing the above mismatch of parameters. Our scheme has
the advantage over the one in34)–36) that once the parameters describing subleading
effects are determined in a subset of sectors one has immediate predictions for all
sectors (I, S). A mismatch of the number of parameters is avoided altogether since
the Q3 counter terms enter the effective interaction kernel directly.
Given the subtraction scales (2.9) the leading order calculation is parameter free.
Of course chiral correction terms do lead to further so far unknown parameters which
need to be adjusted to data. Within the χ−BS(3) approach such correction terms
enter the effective interaction kernel V rather than leading to subtraction scales
different from (2.9) as it is assumed in.34)–36) In particular the leading correction
effects are determined by the counter terms of chiral order Q2.
The χ-BS(3) scheme was applied first in10), 25) where results for the antikaon-
nucleon scattering amplitudes at leading and subleading orders were presented. In
particular it was demonstrated that the Λ(1405) resonance is generated by coupled-
channel dynamics without the need of adjusting any parameter.25) This is an im-
portant result because it avoided for the first time the use of a fine-tuned cutoff
parameter which is at odds with chiral counting rules. The isospin zero s-wave scat-
tering amplitude as it followed at leading order is shown in Fig. 3, which clearly
illustrates the presence of the Λ(1405) resonance. Lowering the strange current quark
mass of QCD has a dramatic effect on the resonance structure. Chiral-coupled chan-
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nel dynamics predicts that in a world with kaons of mass 300 MeV the Λ(1405)
resonance would not exist. This is a clear prediction that can be tested with Lattice
QCD simulations.38)–41) Moreover the figure reflects the matching of the unitarized
scattering amplitude with the effective interaction kernel at subthreshold energies.
As a consequence of the defining assumption of the χ-BS(3) approach, namely, that
the subthreshold scattering amplitudes remain perturbative, all lines in the figure
representing the real part of the scattering amplitude join at subthreshold energies.
This follows since the effective interaction kernel does not depend on the kaon mass
at leading order.5)
§3. Baryon resonances from chiral SU(3) symmetry
There is a long standing controversy to what is the nature of s-wave baryon
resonances. Before the event of the quark model several such states have been suc-
cessfully generated in terms of coupled-channels dynamics.19)–23) A prime example is
the Λ(1405) resonance, discussed already in the previous section, and which was suc-
cessfully described already in the latter works. These early calculations are closely
related to modern approaches based on the leading-order chiral SU(3) Lagrangian.
The interaction used in19)–23) matches the Weinberg-Tomozawa interaction (2.1) if
expanded in a Taylor series.24) The main difference of the early attempts from com-
putations based on the chiral Lagrangian is the way the coupled-channel scattering
equation is regularized and renormalized. The crucial advance over the last years
in this field is therefore a significant improvement of the systematics, i.e. how to
implement corrections terms into coupled-channel dynamics.
We give a discussion of the s- and d-wave baryon resonance spectrum that
arises in chiral-coupled effective field theory based on the leading order chiral La-
grangian.13), 14) Consider first the the SU(3) limit. The latter is not defined uniquely
depending on the magnitude of the current quark masses, mu = md = ms. We study
two scenarios.13), 14) In the ’light’ SU(3) limit the current quark masses are chosen
such that one obtains mpi = mK = mη = 140 MeV. The second case, the ’heavy’
SU(3) limit, is characterized by mpi = mK = mη = 500 MeV.
The JP = 12
−
baryon resonances manifest themselves as poles in the s-wave
meson baryon-octet scattering amplitudes. In the SU(3) limit the latter decompose
according to,
8⊗ 8 = 27⊕ 10⊕ 10⊕ 8⊕ 8⊕ 1 (3.1)
The leading order chiral Lagrangian (2.1) predicts attraction in the two octet and
the singlet channel but repulsion in the 27-plet and decuplet channels. In the ’heavy’
SU(3) limit the chiral dynamics predicts two degenerate octet bound states together
with a non-degenerate singlet state.13), 13), 14), 19)–23), 36) However, in the ’light’ SU(3)
limit all states disappear leaving no clear resonance signal.
In the JP = 32
−
sector the resonances properties are studied in terms of the
s-wave meson baryon-decuplet scattering amplitudes. In this case the Weinberg-
Tomozawa interaction (2.1) is attractive in the octet, decuplet and 27-plet channel,
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but repulsive in the 35-plet channel,
8⊗ 10 = 35⊕ 27⊕ 10⊕ 8 . (3.2)
Therefore one may expect resonances or bound states in the former channels. Indeed,
in the ’heavy’ SU(3) limit 72 = 4× (8+10) bound states are generated in this sector
forming an octet and decuplet representation of the SU(3) group. A 27-plet-bound
state is not observed. This reflects the weaker attraction in that channel. However,
if one artificially increases the amount of attraction by about 40 % by lowering the
value of f in the Weinberg-Tomozawa term, a clear bound state arises in this channel
also. A contrasted result is obtained if one lowers the meson masses down to the pion
mass arriving at the ’light’ SU(3) limit. Then we find neither bound nor resonance
octet or decuplet states. This pattern is a clear prediction of chiral couple-channel
dynamics which should be tested with unquenched QCD lattice simulations.38)–41)
Using physical meson and baryon masses the bound-state turn into resonances
as shown in Figs. 5,6 in terms of speed plots. In14) we generalized the notion of
a speed42) to the case of coupled-channels in a way that the latter reveals the cou-
pling strength of a given resonance to any channel, closed or open. The merit of
producing speed plot lies in a convenient property of the latter allowing a straight
forward extraction of resonance parameters. Assume that a coupled-channel ampli-
tude Mab(
√
s ) develops a pole of mass mR, with
Mab(
√
s ) = − g
∗
a gb mR√
s−mR + i Γ/2 , Γa =
|ga|2
4π
|p(a)cm|Na(mR) , (3.3)
where the total resonance width, Γ , is given by the sum of all partial widths. The
normalization factor N(MR) in (3.3) is identical to the one entering the form of the
loop functions in (2.10). The speed plots take a maximum at the resonance mass√
s = mR, with
Speedaa(mR ) =
{
2 Γa
Γ 2
∣∣∣2 ∑c ΓcΓ − 1∣∣∣ if a = open
2 Γa
Γ 2
∣∣∣2 ∑c ΓcΓ − i ∣∣∣ if a = closed ,
Γ =
∑
a=open
Γa . (3.4)
The result (3.4) clearly demonstrates that the speed of a resonance in a given open
channel a is not only a function of the total width parameter Γ and the partial
width Γa. It does depend also on how strongly closed channels couple to that reso-
nance. This is in contrast to the delay time of a resonance for which closed channels
do not contribute. In the case of s-wave resonances thresholds induce square-root
singularities which should not be confused with a resonance signal.
The speed plots of Fig. 5 show evidence for the formation of the Ξ(1690),
Λ(1405), Λ(1670) and N(1535) resonances close to their empirical masses. An ad-
ditional (I, S) = (0,−1) state, which couples strongly to the πΣ channel,13), 36) can
be found as a complex pole in the scattering amplitude close to the pole implied by
the Λ(1405) resonance. There is no clear signal for (I, S) = (1,−1) resonances at
10 M.F.M. Lutz et al.
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and f = 90 MeV.13), 14)
this leading order calculation. However, chiral corrections lead to a clear signal in
this sector5) suggesting a state that may be identified with the Σ(1750) resonance,
the only well established s-wave resonance in this sector. The fact that a second
resonance with (I, S) = (12 , 0) is not seen in Fig. 5, even though the ’heavy’ SU(3)
limit suggests its existence, may be taken as a confirmation of the phenomenological
observation11) that the N(1650) resonance couples strongly to the ωµN channel not
considered here.
In Fig. 6 speed plots of the JP = 32
−
sector are shown for all channels in
which octet and decuplet resonance states are expected. It is a remarkable success
of the χ-BS(3) approach that it predicts the four star hyperon resonances Ξ(1820),
Λ(1520), Σ(1670) with masses quite close to the empirical values. The nucleon
and isobar resonances N(1520) and ∆(1700) also present in Fig. 6, are predicted
with less accuracy. The important result here is the fact that those resonances are
generated at all. It should not be expected to obtain already fully realistic results
in this leading order calculation. For instance chiral correction terms are expected
to provide a d-wave π∆-component of the N(1520). We continue with the peak in
the (0,-3)-speeds at mass 1950 MeV. Since this is below all thresholds it is in fact
a bound state. Such a state has so far not been observed but is associated with
a decuplet resonance.37) Further states belonging to the decuplet are seen in the
(12 ,−2)- and (1,−1)-speeds at masses 2100 MeV and 1920 MeV. The latter state
can be identified with the three star Ξ(1940) resonance. Finally we point at the
fact that the (0,−1)-speeds show signals of two resonance states consistent with the
existence of the four star resonance Λ(1520) and Λ(1690) even though in the ’heavy’
SU(3) limit we observed only one bound state. It appears that the SU(3) symmetry
breaking pattern generates the ’missing’ state in this particular sector by promoting
Chiral symmetry, strangeness and resonances 11
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the weak attraction of the 27-plet contribution in (3.2).
§4. Chiral correction terms and scattering data
The present data set for antikaon-nucleon scattering leaves much room for dif-
ferent theoretical extrapolations to subthreshold energies.1), 43)–51) As a consequence
the subthreshold K¯N scattering amplitudes of different analyses may differ by as
much as a factor of two50), 51) in the region of the Λ(1405) resonance. Thus it is
of crucial importance to apply effective field theory methods in order to control the
uncertainties. In particular constraints from crossing symmetry and chiral symmetry
should be taken into account.
Since the accuracy of the data improves dramatically as the energy increases it
is desirable to incorporate contributions from higher partial waves into the analysis.
Important information on the p-wave dynamics is provided by angular distributions
for the inelastic K−p reactions. The available data are represented in terms of
coefficients An characterizing the differential cross section dσ(cos θ,
√
s ) as functions
of the center of mass scattering angle θ and the total energy
√
s:
dσ(
√
s, cos θ)
d cos θ
=
∞∑
n=0
An(
√
s )Pn(cos θ) . (4.1)
In Fig. 7 we compare the empirical ratios A1/A0 and A2/A0 with the results of the
χ-BS(3) approach carried out to chiral order Q3.5) A large A1/A0 ratio is found
only in the K−p → π0Λ channel demonstrating the importance of p-wave effects
in the isospin one channel. Note the sizeable p-wave contributions at somewhat
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Fig. 7. Coefficients A1 and A2 for the K
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d-wave resonances. The dashed lines show the effect of switching off d-wave contributions.
larger momenta seen in the charge-exchange reaction of Fig. 7. The dashed lines of
Fig. 7, which are obtained when switching off d-wave contributions, illustrate the
importance of the Λ(1520) resonance for the angular distributions in the isospin
zero channel. In5) the d-wave resonances were not yet generated dynamically rather
were introduced as elementary fields. To improve on this it would be necessary
to extend the analysis5) by incorporating further inelastic channels, like the meson
baryon-decuplet channels. Also it would be useful to incorporate the loop-correction
effects which give contributions to the effective interaction kernel at chiral order
Q3. The latter were not yet considered in5) based on the expectation that they
should be suppressed in the large-Nc limit. The importance of the results
5) lies in
the achievement that for the first time a simultaneous and quantitative description
of the low-energy pion-, kaon- and antikaon-nucleon scattering data based on chiral
coupled-channel dynamics was obtained. Moreover that analysis demonstrated that
all considered counter terms determined by the scattering data have natural size.
Though SU(3) symmetry breaking effects are important to achieve a quantitative
description of the data set they are small and justify the application of the chiral
SU(3) Lagrangian.
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§5. Self consistent strangeness propagation in cold nuclear matter
Once the microscopic interaction of the Goldstone bosons with the constituents
of nuclear matter is understood one may study the properties of Goldstone bosons in
nuclear matter. Not only from an experimental but also from a theoretical point of
view the pions and kaons, the lightest excitation of the QCD vacuum with masses of
140 MeV and 495 MeV respectively, are outstanding probes for exciting many-body
dynamics. The Goldstone bosons are of particular interest since their in-medium
properties reflect the structure of the nuclear many-body ground state. For example
at high baryon densities one expects the chiral symmetry to be restored. One there-
fore anticipates that the Goldstone bosons change their properties substantially as
one compresses nuclear matter. A possible consequence of a significantly reduced
effective K− mass suggested first by Kaplan and Nelson54) could be that kaons
condense in the interior of neutron stars.55)–58) A complementary suggestion was re-
cently put forward by Yamazaki and Akaishi59) that the attractive antikaon-proton
force is sufficiently strong to form high-density few-particle clusters. In this review
we do not touch neither of the two exciting topics. To address properties of antikaons
at high-density or localized strangeness systems is beyond our present scope. Our
goal is to derive the properties of antikaons in nuclear matter densities not too large,
say up to twice nuclear matter saturation density, from the microscopic interaction
of antikaons with the nucleons. This is relevant for the description of kaonic atom
data as well as for the understanding of subthreshold antikaon production in heavy
ion collisions as studied in detail at GSI.60)
Even though in the SU(3) limit of QCD with degenerate current quark masses
mu = md = ms the pions and kaons have identical properties with respect to the
strong interactions, they provide very different means to explore the nuclear many-
body system. This is because the SU(3) symmetry is explicitly broken by a nuclear
matter state with strangeness density zero, a typical property of matter produced
in the laboratory. A pion, if inserted into isospin degenerate nuclear matter, probes
rather directly the spontaneously broken or possibly restored chiral SU(2) symmetry.
A kaon, propagating in strangeness free nuclear matter, looses its Goldstone boson
character since the matter by itself explicitly breaks the SU(3) symmetry. It is sub-
ject to three different phenomena: the spontaneously broken chiral SU(3) symmetry,
the explicit symmetry breaking of the small current quark masses and the explicit
symmetry breaking of the nuclear matter bulk. The various effects are illustrated
by recalling the effective pion and kaon masses in a dilute isospin symmetric nuclear
matter gas. The low-density theorem2), 3) predicts mass changes ∆m2Φ for any meson
Φ in terms of its isospin averaged s-wave meson-nucleon scattering length aΦN
∆m2Φ = −4π
(
1 +
mΦ
mN
)
aΦN ρ+O
(
ρ4/3
)
(5.1)
where ρ denotes the nuclear density. According to the above arguments one ex-
pects that the pion-nucleon scattering length apiN ∝ m2pi must vanish in the chiral
SU(2) limit since isospin symmetric nuclear matter conserves the Goldstone boson
character of the pions at least at small densities. On the other hand, kaons loose
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Fig. 8. Antikaon spectral function as a function of antikaon energy ω and momentum ~q. The
labels ’Tρ’ and ’SC’ refer to calculations obtained in terms of free-space and in-medium K¯N
amplitudes respectively. The first two rows give the results with only s-wave interactions and
the last two rows with all s-, p- and d-wave contributions.
their Goldstone boson properties in strangeness-free matter and therefore one ex-
pects aKN ∝ mK and in particular aK−N 6= aK+N . This is demonstrated by the
Weinberg-Tomozawa theorem (see (2.1)) which predicts the s-wave scattering length
in terms of the chiral order parameter f ≃ 90 MeV :
apiN = 0 +O
(
m2pi
)
, aK±N = ∓
mK
4π f2
+O (m2K) . (5.2)
In the pion sector the Weinberg-Tomozawa theorem (5.2) is beautifully confirmed
by the smallness of the empirical isospin averaged pion-nucleon scattering length
apiN ≃ −0.01 fm. In the kaon sector the Weinberg-Tomozawa theorem misses the
empirical scattering K+ nucleon scattering length aK+N ≃ −0.3 fm by about a factor
of three. Even more spectacular is the disagreement of the Weinberg-Tomozawa term
in theK− case where (5.2) predicts aK−N ≃ +0.9 fm while the empirical K− nucleon
scattering length is about aK−N ≃ (−0.6+i 1.1) fm. Whereas in conjunction with the
low-density theorem the Weinberg-Tomozawa theorem predicts a decreased effective
K− mass, the empirical scattering length unambiguously states that there must be
repulsion in the K− channel at least at very small nuclear densities.
In nuclear matter there exist multiple modes with quantum numbers of the K−
resulting from the coupling of the various hyperon states to a nucleon-hole state.61)
As a consequence the K− spectral function shows a rather complex structure as
a function of baryon density, kaon energy and momentum. This is illustrated by
recalling the low-density theorem as applied for the energy dependence of the kaon
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self energy ΠK¯(ω, ρ). At zero antikaon momentum the latter,
ΠK¯(ω, ρ) = −4π
(
1 +
ω
mN
)
f s−wave
K¯N
(mN + ω) ρ+O
(
ρ4/3
)
, (5.3)
is determined by the s-wave kaon-nucleon scattering amplitude f s−wave
K¯N
(
√
s) (see
e.g.3)). A pole contribution to ΠK¯(ω, ρ) from a hyperon state with mass mH , if
sufficiently strong, may lead to a K− like state of approximate energy mH − mN .
Most important are the Λ(1405) s-wave resonance and the Σ(1385) p-wave reso-
nance. The realistic evaluation of the antikaon self energy in nuclear matter requires
a self-consistent scheme.4) In particular the feedback effect of an attractive antikaon
spectral function on the antikaon-nucleon scattering process was found to be im-
portant for the Λ(1405) resonance structure in nuclear matter. This effect is easily
understood from the strong dependence of the antikaon-nucleon scattering ampli-
tude on the kaon mass as demonstrated in Fig. 3. It has striking consequences
for the properties of the Λ(1405) resonance in nuclear matter. Contrary to naive
expectations62) that the effective resonance mass is pushed up to larger values due
to the Pauli blocking effect, an attractive mass shift results as a consequence of self
consistency.4), 6) Ramos and Oset63) confirmed this result qualitatively by a calcu-
lation applying their phenomenological model.51) The quantitative comparison of
the original calculation,4) which was based on the model of the Munich group,50) is
hampered by the facts that first the subthreshold amplitudes of5), 50) and51) differ
significantly and second the computation in63) relies on an additional approximation
that amounts to neglecting the strong momentum dependence of the antikaon self
energy (see9), 12)). We refrain here from a comparison with the results of Tolos et
al.64) Their many-body computation includes higher partial-wave contributions but
self consistency was implemented relying on a quasi-particle approximation. More-
over, the applied meson-exchange model48) was confronted so far with total cross
sections data only. Thus, it remains unclear whether it describes the dynamics of
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higher partial waves correctly. A precise understanding of all these issues is required
for a microscopic description of kaonic atoms.8), 9)
In Fig. 8 the antikaon spectral function evaluated at symmetric nuclear densities
ρ0 and 2 ρ0 according to various approximation strategies is shown.
6) The results are
based on antikaon-nucleon scattering amplitudes obtained within the chiral coupled-
channel effective field theory,5) where s-, p-and d-wave contributions were considered.
The many-body computation6) was performed in a self consistent manner respecting
covariance manifestly. In the first and third rows the antikaon self energy is computed
in terms of the free-space scattering amplitudes only. Here the first row gives the
result with only s-wave contributions and the third row includes all s-, p- and d-
wave contributions. The second and fourth rows give results obtained in the self
consistent approach where the full result of the last row includes all partial waves
and the results in the second row follow with s-wave contributions only. In all cases
a self consistent evaluation of the spectral function leads to dramatic changes in
the spectral function as compared to a calculation which is based on the free-space
scattering amplitudes only. Moreover, as emphasized in the discussion of the Λ(1405)
resonance properties, the effects of higher partial waves are not negligible. This was
anticipated first in.8), 25) As is evident upon comparing the first and third rows of
Fig. 8 the p- and d-wave contributions add quite significant attraction for small
energies and large momenta. At twice nuclear saturation density most striking is the
considerable support of the spectral function at small energies. That reflects in part
Chiral symmetry, strangeness and resonances 17
0
4
8
0
4
8
0
4
8
0
4
8
0
4
8
0
4
8
0.0 0.2 0.4 0.6 0.8 1.0
0
4
8
0.0 0.2 0.4 0.6 0.8 1.0
0
4
8
K -
T 
- I
m
 S
K (
,q
) /
 
  [
G
eV
 -2
]
p+ n = 0.17 fm
-3
 
 
K0
T 
 
 
SC
n =
 1
.5
 
p
 
 
n =
 1
.5
 
p
SC
 
 
T 
 
 
T 
 
 
p =
 0
SC
 
 
 [GeV]
p =
 0
SC
 q = 0.0 GeV
 q = 0.2 GeV
 q = 0.4 GeV
 q = 0.6 GeV
 
 
 [GeV]
Fig. 11. Antikaon spectral functions as a function of antikaon energy ω and momentum q in asym-
metric nuclear matter with ρp+ρn = 0.17 fm
−3. The labels ’Tρ’ and ’SC’ refer to calculations
obtained in terms of free-space and self consistent in-medium K¯N amplitudes respectively. The
first collum gives the result for K−, the second for the K¯0 at ρn = 1.5 ρp and ρp = 0.
the coupling of the antikaon to the Λ(1115) and Σ(1185) nucleon-hole states.
The non-trivial dynamics implied by the presence of the hyperon resonances
reflects itself in a complicated behavior of the antikaon self energy, ΠK¯(ω, ~q ; ρ).
This is illustrated by the antikaon nuclear optical potential Vopt.(~q ; ρ), which may
be defined by
2EK(~q )Vopt.(~q ; ρ) = ΠK¯(ω = EK(~q ), ~q ; ρ) , EK(~q ) =
√
m2K + ~q
2 . (5.4)
In Fig. 9 the result for the optical potential is presented as a function of the antikaon
momentum ~q and the nuclear matter density. The real part of the optical potential
exhibits rather moderate attraction of about 20 MeV at nuclear saturation density
and ~q = 0 MeV. The attraction is further diminished and even turns into repulsion
as the antikaon momentum increases. On the other hand the figure shows a rather
strong absorptive part of the optical potential. This agrees qualitatively with com-
putations based on self consistent s-wave dynamics8) but is in striking disagreement
with mean-field calculations65) that predict considerable more attraction in the an-
tikaon optical potential. The large attraction in the antikaon spectral function of
Fig. 8 is consistent with the moderate attraction in the optical potential of Fig. 9.
It merely reflects the strong energy dependence of the kaon self energy induced by
the Λ(1405) and Σ(1385) resonances. Such important energy variations are missed
in a mean-field approach. Hence, a proper treatment of the pertinent many-body
effects is required.
In Fig. 10 the propagation properties of the Λ(1405) and Σ(1385) resonances
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as they move with finite three momentum ~w in isospin symmetric nuclear matter
are studied. The peak positions in the imaginary parts of the amplitudes follow in
general the naive expectation
√
(m∗Y )
2 + ~w2 with the hyperon effective mass m∗Y
defined at ~w = 0. However, a systematic increase of the decay widths as ~w increases
is observed. This is easily understood since the effective in-medium Y ∗N → Y ∗N
amplitude which is responsible for the broadening allows for additional inelasticity
as the hyperon momentum ~w increases. An interesting phenomenon illustrated in
Fig. 10 is the in-medium induced mixing of partial wave amplitudes with different
quantum numbers JP . At vanishing three momentum of the meson-baryon state
~w = 0, all partial-wave amplitudes decouple. In this case the system enjoys a three-
dimensional rotational symmetry since there is no three-vector available to select
a particular direction. However, once the meson-baryon pair is moving relative to
the nuclear matter bulk with ~w 6= 0 there are two separate channels for a given
isospin only. The system is invariant under a subgroup of rotations only, namely
those for which the rotational vector is aligned with the hyperon momentum ~w. The
three-dimensional rotational symmetry is reduced and therefore the total angular
momentum J is no longer a conserved quantum number. However, the total angular
momentum projection onto the ~w direction remains a conserved quantum number.
The latter defines the helicity of a hypothetical s-channel particle exchange and
therefore the in-medium scattering amplitudes decouple into an infinite tower of
helicity amplitudes. Each helicity amplitude probes a well defined infinite set of
partial wave amplitudes. For instance, in the helicity one-half space, all considered
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partial wave amplitudes SI1, PI1, PI3 and DI3 couple for given isospin channel I.
Note that reflection symmetry implies that only the absolute value of the helicity
matters here. It is evident that all partial-wave amplitudes contribute to this channel
simply because any state with a given angular momentum L has a component where
~L · ~w vanishes and therefore the helicity is carried by the nucleon spin. In the second
channel, the helicity three-half space, only the partial wave amplitudes PI3 and DI3
couple. In a computation that considered all partial waves the helicity three half
term would require all partial wave amplitudes except the SI1 and PI1 waves with
J = 1/2. The fact that the J = 32 amplitudes PI3 and DI3 affect both considered
helicity spaces, is not surprising, because for those states one would expect the
nuclear medium to lift the degeneracy of the four spin modes. This is completely
analogous to the longitudinal and transverse modes of vector mesons, which bifurcate
in nuclear matter.
The splitting of the four Σ(1385) modes is demonstrated in the left hand panel
of Fig. 10. The helicity one and three half modes are shifted by about 5 MeV
for ~w = 600 MeV. This is a small effect and therefore it is justified to neglect the
coupling of the partial waves for that density to good accuracy. Indeed a run where
all off diagonal loop functions that couple waves of different angular momentum or
parity are set to zero gives results that are almost indistinguishable to those obtained
in the full scheme. This is demonstrated by the dashed lines in the left hand panel
of Fig. 10. At ~w = 0 the results of the two computations, dashed and solid lines are
quite close. This finding has a simple interpretation. One expects sizeable effects
from the in-medium mixing of the partial-wave amplitudes only if two partial wave
amplitudes that mix show both significant strength at a given energy w0. This is
not the case here. The dominant partial waves S01 and P13 decouple because they
carry different total isospin. Therefore it is natural to obtain small mixing effects.
A discussion of results6), 7), 12) obtained for asymmetric nuclear matter follows.
Two cases are considered here both with ρn + ρp = 0.17 fm
−3. In Fig. 11 results for
ρn = 1.5 ρp, which corresponds to the condition met in the interior of lead, and for
ρp = 0, which describes neutron matter, are shown. The asymmetry breaks up the
isospin doublet (K−, K¯0) leading to distinct spectral functions for the charged and
neutral antikaons. In both cases a significant effect from the self consistency is found
at small antikaon momenta. This is illustrated by comparing the entries of Fig. 11
labeled with ’Tρ’ and ’SC’. Whereas the effect of the asymmetry is surprisingly small
for the lead scenario, the spectral functions of the charged and neutral antikaons differ
strongly in neutron matter with ρp = 0. In Fig. 12 the corresponding properties of
the hyperon resonances are shown. Again, like one observed for the isospin doublet
(K−, K¯0) the isospin asymmetry of the matter breaks up the isospin triplet state
Σ(1385) introducing a medium-induced splitting pattern. The Λ(1405) resonance is
presented in terms of the in-medium K−p→ K−p s-wave amplitude, the neutral and
charged Σ(1385) states by p-wave amplitudes K¯0n→ K¯0n, K¯0p→ K¯0p andK−n→
K−n. In free space the latter amplitudes are determined by the isospin one amplitude
in case of the charged hyperon states but by the mean of the two isospin amplitudes
in case of the neutral hyperon state. Thus, the isospin one component, the Σ(1385)
couples to in free space, is smaller by a factor of two for the neutral amplitude
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K¯0n→ K¯0n as compared to the amplitudes describing the charged hyperon states.
This reflects itself in amplitudes for the Σ0(1385) in Fig. 12 that are typically
smaller by a factor two as compared to the amplitudes of the Σ±(1385). Whereas
the Λ(1405) resonance is not affected much by the asymmetry, the splitting of the
three Σ(1385) states shows a strong dependence on the asymmetry. For neutron
matter with ρn = 0.17 fm
−3 a mass difference of about 30 MeV for the charged
states is found.
§6. Summary
In this talk we reported on recent progress in the understanding of baryon res-
onances based on chiral-coupled channel dynamics. An introduction to an effective
field theory formulation of chiral coupled-channel dynamics was given. Leading or-
der results predict the existence of s- and d-wave baryon resonances with a spectrum
remarkably close to the empirical pattern without any adjustable parameters. The
formation of resonances is a consequence of the chiral SU(3) symmetry of QCD, i.e.
in an effective field theory, that was based on the chiral SU(2) symmetry only, no
resonances would be formed. Realistic scattering amplitudes that are consistent with
empirical differential cross sections can be obtained after including chiral corrections
terms systematically.
As a further application of chiral coupled-channel dynamics results for antikaon
and hyperon resonance propagation in cold nuclear matter were presented. Based
on scattering amplitudes obtained within the chiral coupled-channel effective field
theory a self consistent density summation scheme can be performed that respects
covariance manifestly. As a consequence the spectral function of the antikaon shows
a strong momentum and density dependence in isospin symmetric and asymmetric
matter. For the Λ(1405) and Σ(1385) resonances attractive mass shifts are predicted.
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